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free  observations  of  the  channel.  High  channel  utilization 
is  achieved  without  breaking  up  variable  length  messages 
into  fixed  length  packets;  the  new  protocols  offer  an 
alternative  to  existing  Pure  and  Slotted  Aloha  protocols. 

The  Vstriable  Length  Slotted  .T.loha( VLSA)  protocol 
exploits  any  apriori  knov/ledge  about  packet  lengths  to 
schedule  transmissions  so  as  to  minimize  the  risk  of 
collision;  the  traffic  thr output  of  VLSA  is  consistently 
better  than  that  of  Pure  Aloha  for  variable  length  packets. 
In  the  Reservation  Header  Variable  Length  Slotted  Aloha 
(RHVLSA)  protocol,  the  packet  header  is  used  to  place  a 
reservation  for  retransmission  if  the  packet  suffers  a 
collision  after  the  header.  The  traffic  throu^put  for 
this  protocol  exceeds  26.9%  for  any  packet  length  distri¬ 
bution.  The  message  throughput  of  the  RHVLSA  protocol 
is  larger  than  that  of  Slotted  Aloha  for  certain  message 
length  distributions.  - - 
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1.  INTRODUCTION 


Multiaccess  protocols  govern  the  sharing  of  a  common 
resource  by  a  niomber  of  independent  users;  the  issue  arises 
for  scarce  and  expensive  resources  or  when  a  high  degree  of 
connectivity  between  the  users  is  desired.  In  communication 
systems,  protocols  address  the  problem  of  controlling  access 
to  a  common  channel  so  as  to  efficiently  allocate  the 
available  communication  bandwidth  amongst  the  contending 
transmitting  stations. 

The  earliest  protocols,  frequency  or  time  division 
multiple  access,  allocated  channel  bandwidth  to  the  stations 
in  a  static  fashion,  'independently  of  their  activity(l). 
These  fixed  assignment  techniques  have  proven  to  be  very 
siaccessful  for  stream  type  traffic.  Computer  traffic 
however,  can  often  be  characterized  as  bursty,  as  in  the 
case  of  interactive  terminal  traffic .  This  burstiness  is 
a  result  of  a  large  degree  of  randomness  in  both  the  message 
generation  times  and  message  sizes,  and  the  relatively  small 
transmission  delay  tolerated  by  interactive  terminals. 

A  transmitting  station  that  carries  traffic  from  such 
bursty  sources  demands  the  channel  rather  infrequently, 
but  when  it  does,  it  requires  a  rapid  response.  In  such 
enviroi.ments ,  fixed  subchannel  allocation  schemes  would 
need  to  assign  to  each  station  sufficient  capacity  to  meet 
its  peak  transmission  rates,  which  v/ould  result  in  low 
overall  channel  utilization.  Instead,  dynamic  allocation 
of  the  channel  resources  is  prefered;  such  is  the  case  in 
packet  communication  systems,  where  the  entire  channel 
bandwidth  is  allocated  to  a  single  station,  based  on  need, 
but  only  for  a  short  period  of  time.  Transmissions  are 
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fornatted  into  packets,  which  along  with  the  nessage  data 
contain  overhead  information  suoh  as  source  and  destination 
addresses,  error  control  bits,  and  a  synohronizing  sequenoe 
required  for  the  correct  reception  of  the  packet. 

The  difficulty,  then,  resides  in  scheduling  these 
transmissions  on  a  channel  which  must  carry  its  own  control 
information.  A  class  of  protocols,  called  random  access(l), 
resolves  this  issue  by  granting  the  transmitting  stations 
full  access  to  the  channel  according  to  their  randomly 
varying  needs;  since  collisions  may  result,  channel  perfor¬ 
mance  depends  on  proper  collision  avoidance  and  retransmission 
scheduling.  Another  approach  is  adopted  in  demand  assignment 
tecrwiques,  or  reservation  protocols,  which  require  that 
explicit  control  information  regarding  the  stations'  need 
for  the  channel  be  exchanged  before  message  transmissions 
are  allowed.  This  avoids  packet  collisions  but  the  conflict 
resolution  problem  now  arises  with  the  reservations  themselves. 
The  channel  utilization  can  be  superior  to  that  achievable 
with  i*andom  access,  but  the  reservation  placement  requirement 
imposes  a  minimum  delay  on  packet  transmissions.  A  number 
of  adaptive  strategies  which  integrate  the  tv/o  approaches 
have  been  proposed( 2) , ( 3 ) ,  which  seek  to  maintain  near¬ 
optimum  performance  at  all  times. 

The  environment  in  ’which  a  multiaccess  protocol  is 
to  function  is  important  in  its  formulation.  Protocols 
have  been  designed  for  satellite  channels,  ground  radio 
netv/orks  and  local  area  communication.  This  thesis  focuses 
on  satellite  channels,  vyhich  are  characterized  by  star 
connectivity,  assuming  a  satellite  can  receive  signals 
from  any  earth  station  in  its  coverage  pattern,  and  can 


transmit  to  all  such  stations .  Another  important  featxire 
is  the  inherently  long  roundtrip  propagation  delay  of 
0.25  sec.,  which  is  usually  large  compared  to  a  packet 
transm.ission  time;  hence  a  station  is  not  aware  of  another 
station's  transmission  while  -Hiat  transmission  is  in 
progress . 

The  original  multiaccess  protocol  proposed  for  this 
environment  v;as  Pure  Aloha(4)  which  was  soon  modified  to 
Slotted  Aloha(5)  and  later  enhanced  by  tree  conflict 
resolution(  6) ,  (  7) ,  ( 3)  .  These  protocols  deal  v;ith  the 
randomness  in  the  message  generation  times  of  bursty 
sources.  The  variability  in  message  length  is,  however, 
handled  rather  poorly;  both  Slotted  Aloha  and  tree  protocols 
impose  a  uniform  length  for  all  packets.  This  seriously 
degrades  their  performance  viien  the  message  lengths  are 
non-constant.  After  a  brief  overview  of  these  protocols 
in  the  next  section,  this  thesis  will  introduce  a  protocol 
designed  to  enhance  Pure  Aloha  performance  for  packets  of 
variable  length.  This  Variable  Length  Slotted  Aloha  will 
be  further  improved  in  the  last  section,  vrtiere  we  propose 
the  use  of  packet  headers  to  make  reservations. 
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2.  RANDOM  ACCESS  PROTOCOLS 


Historically,  the  first  random  multiaccess  protocol 
v/as  Pure  Aloha,  proposed  by  AbrajTison(4) ,  It  is  an  inherently 
simple  technique,  \vhich  permits  a  station  to  transmit  anytime 
it  desires.  Feedback  from  the  channel  determines  v.’hether 
a  transmission  has  been  successful,  or  whether  a  collision 
has  occurred.  In  the  latter  case,  a  retransmission  is 
required,  which,  to  avoid  continuing  conflicts,  is  attempted 
only  after  a  random  retransmission  delay.  If  the  delays 
are  sufficiently  randomized,  and  the  number  of  stations  is 
sufficiently  large,  the  attempted  packet  transmissions  can 
be  considered  to  be  independent  events,  with  memoryless 
inter-arrival  times.  The  transmission  attempts  then  form 
a  Poisson  process,  v/hich  leads  to  a  simple  analysis  of 
channel  performance. 

There  are  several  criteria  for  evaluating  multiaccess 
protocols.  High  channel  bandwidth  utilization,  or  information 
throughput,  is  desirable,  as  is  lov/  message  delay.  For  Pure 
Aloha,  the  throughput  rate  of  successful  packets  S,  is 
related  to  the  rate  of  packet  transmission  attempts  C-, 
v.hich  includes  both  new  and  retransmitted  packets,  by  the 
probability  of  transmission  success.  For  uniform  length 
packets  and  assuming  a  Poisson  process,  the  probability 
that  all  the  stations  remain  idle  for  the  two  packet 
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lengths  required  for  conflict-free  transmission  is  e~ 
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due  to  conflicts  and  idle  tine.  The  throughput  decreases 
for  rates  G  above  the  optinal ,  •.vhich  makes  ?’ure  Aloha 
unstable  as  the  channel  may  enter  a  clogged  state  •;^here 
many  stations  attempt  transmission  but  few  are  actually 
successful.  The  message  delay,  which  is  the  elapsed  time 
between  message  generation  and  successful  reception,  can 
be  characterized  by  the  expected  number  of  transmissions 
required  for  conflict-free  reception,  ’which  in  the  steady 
state,  is  just  G/3. 

The  throughput  of  the  Aloha  technique  may  be  improved 
by  slotting  the  channel  time,  as  first  proposed  by  Roberts(5) 
Slotted  Aloha  requires  that  any  packets  v/ishing  to  begin 
transmitting  do  so  only  at  slot  boundaries,  and  terminate 
their  transmission  within  one  slot;  thus  packet  lengths 
are  restricted  to  fit  within  one  slot.  This  technique 
prevents  mid-packet  collisions  and  doubles  the  packet  per 
slot  throughput  to  a  maximum  of  36.3fo  v;ith 

S  =  G  e  / 2/ 

Slotted  Aloha  is  still  unstable,  but  various  stabilizing 
control  algorithm.s  have  been  proposed(9). 

Subsequent  improvements  in  conflict  resolution 
have  led  to  the  tree  algorithms( 6)-(8 ) .  Information  about 
collisions  is  used  to  reschedule  collided  packets  as  if 
traversing  a  tree,  decreasing  the  probability  of  collision 
at  each  retransmission.  Such  approaches  yield  the  tv;in 
benefits  of  thro’u^put  values  of  43-485'-,  and  of  stable 
performance  at  these  levels.  These  techniq-ues,  ho’wever , 
are  designed  to  resolve  conflicts  only  between  -uniform 


length  packets,  and,  as  we  point  out  in  the  next  section, 
their  performance  suffers  if  the  message  generating  sources 
serviced  by  the  transmitting  stations  produce  messages  of 
variable  length. 


3  .  VA.~I.45LE  LENGTH  MESSAGES 

Ihe  random  access  protocols  discussed  so  far  deal 
with  the  randomness  in  the  message  generation  times  of 
bursty  sources.  The  other  random  aspect  of  such  sources 
is  the  variation  in  message  size.  Variable  length  packets 
can  be  used  in  a  Pure  Aloha  protocol,  but  as  shown  by 
FergusonC 10 ) ,  the  system  performance  deteriorates  from 
the  optimum  when  packets  are  of  equal  length.  For  Slotted 
Aloha  and  tree  conflict  resolution  algorithms,  uniform 
packet  lengths  are  a  design  requirement.  For  these 
protocols,  variable  length  messages  generated  by  the 
sources  must  be  formatted  into  fixed  length  packets. 

This  however,  reduces  the  actual  message  part  of  the 
through  putt  S  for  both  the  short  messages,  vAiich  leave 
part  of  the  packet  unfilled,  and  for  the  long  ones  which 
must  be  broken  up  into  several  packets  and  incur  the 
overhead  costs  for  each.  Even  v/ith  the  optimal  selection 
of  the  packet  length  for  a  given  message  length  distribution 
the  throughput  advantage  of  these  protocols  over  Pure 
Aloha  is  seriously  degraded  for  variable  length  messages(lC) 
The  breaking  up  of  long  messages  also  increases  the  comple¬ 
xity  of  the  system,  requiring  packet  numbering  and  message 
buffering  at  the  receiver. 

A  multiaccess  protocol  specifically  designed  for 
variable  length  messages  would  avoid  these  drawbacks; 
we  shall  now  propose  a  protocol  v4^ich  achieves  significant 
throu^put  gains  over  Pure  Aloha  v/ithout  restricting 
packets  to  be  uniform  in  length. 
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4.  VARIABLE  LENGTH  SLOTTED  ALOHA 


In  this  section,  we  introduce  an  effective  protocol 
v/hich  extends  the  advantages  of  channel  time  slotting  to 
non-uniform  length  packets.  Any  apriori  knowledge  of  the 
lengths  of  packets  is  used  to  schedule  transmissions  so 
as  to  minimize  the  risk  of  collision. 

The  packet  structure  in  our  formulation  of  the 
data  communication  channel  constrains  the  length  of  the 
packet  to  be  at  least  the  length  of  the  overhead  infor¬ 
mation  in  the  header .  We  slot  the  channel  time  on  the 
minimum  packet  length,  with  packet  transmissions  beginning 
exclusively  at  slot  boundaries,  but  allowed  to  continue 
through  several  slots.  Transmission  starting  times  are 
fiorther  restricted  to  coincide  with  what  we  shall  call 
starting  slots,  ’.-,+1036  selection  may  vary  for  different 
packet  lengths.  Packet  transmissions  which  *ast  i  slots 
are  assigned  staurting  slots  every  i  slots,  to  create  a 
Slotted  Aloha  environment  amongst  packets  of  a  given 
length . 


Interference  between  different  length  packets  is 
minimized,  for  any  packet  length  distribution,  if  at 
least  one  slot  on  the  channel  is  chosen  as  a  starting 
slot  for  packets  of  all  lengths.  Overlap  between  packets 
is  fiorther  reduced  if  the  longer  paujket  lengths  are 
restricted  to  be  integer  multiples  of  all  shorter  ones, 
that  is,  if  the  packet  lengths  are  mutually  divisible. 

In  such  a  case,  both  the  starting  and  ending  slots  of  a 
packet  coincide  v;lth  the  corresponding  slots  for  any 
shorter  packets.  The  number  of  starting  slots  for  packets 
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whose  transmission  would  overlap  the  transmission  of  a 
packet  of  length  i  is  thus  restricted  to  i/j  starting 
slots  for  packets  of  length  j,  for  0  <  J  ^  i,  and  exactly 
one  for  any  packets  longer  than  i. 

An  implementation  of  such  a  channel  is  shown  in 

If 

figure  1,  with  packets  of  length  2  ranging  from  one  slot 
long  header-only  packets,  v/hich  may  be  used  to  send  very 
short  messages,  up  to  the  longest  2^  slot  packets.  This 
length  distribution  yields  the  largest  nximber  of  different 
length  packets  for  any  upper  limit  on  packet  length,  but 
it  is  not  unique  in  satisfying  the  mutually  divisible 
lengths  condition. 

The  assumptions  used  in  the  analysis  of  such  a 
protocol  are  similar  to  the  ones  for  Slotted  Aloha.  The 
stations  are  assumed  to  be  time  synchronized  with  the 
slots  on  the  channel.  All  the  stations  listen  to  the 
channel  traffic  and  make  error-free  observations  of  the 
outcome  of  transmissions.  There  is  a  delay  in  making 
such  observations  vrtT.ich  exceeds  the  maximum  packet  length; 
hence  the  stations  are  unav;are  of  the  outcome  while  a 
transmission  is  still  in  progress.  Messages  are  either 
correctly  received  or  are  completely  destroyed  by  a 
collision  and  must  be  retransmitted.  If  the  stations 
are  numerous  enough  and  the  retransmission  times  are 
sufficiently  randomized,  the  transmission  attempts  can 
be  considered  to  be  independent  v/ith  memoryless  inter¬ 
arrival  times,  thus  forming  a  Poisson  process. 
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VLSA  Channel  Structure 

packet  lengths  1  to 
(illustrated  m  =  3) 


s 


I 
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Uie  attempted  traffic  transmission  rate,  S,  is 
measured  in  slots  per  slot  of  channel  time.  Packets  of 


length  *  2 
that  is  for 


account  for  a  fraction  of 


this  rate, 


G  slots  of  traffic  per  slot  of  channel 
time,  or  0^  packets  every  2^  starting  slot.  The  packet 
transmission  rate  for  packets  of  length  1.  is  1  /  1.  of 
the  traffic  transmission  rate  for  such  packets.  The 
traffic  throughput  S  is  the  rate  of  successfully  trans¬ 
mitted  traffic  slots  per  channel  slot,  of  which  a  fraction 
is  in  2  long  packets.  Such  packets  successfully 

A 

carry  traiffic  at  a  rate  of  Sj^  =  S,  which  is  just  the 
rate  of  attempted  traffic  transmissions  v/hich  do  not 
suffer  collision: 


X  Pr( channel  idle  at  start)  /3/ 

X  Pr(idle  for  2^  slots | idle  at  start) 


Due  to  the  Poisson  nature  of  the  transmission  process, 

a  packet  v;iil  survive  if  there  is  no  oldier  transmission 

•“G 

diiring  its  starting  slot,  an  event  of  probability  e“  , 
and  no  other  transmissions  start  until  the  end  of  the 
2  long  packet.  The  channel  structure  limits  transmissions 
after  the  starting  slot  to  be  shorter  packets,  and  these 
occur  at  a  combined  rate  of/3^  G,  where is  defined 
for  packets  of  length  Ij^  as: 


k-l 


»  YU  (—  -  1  )  Y. 

*  *  j  _  rv  1 


J-0 


k-l 


I 


>0 
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The  probability  that  no  such  transmissions  occur  is 
then  exp(-G/3j^).  The  traffic  throughputs  for  individual 
packet  lengths  as  well  as  for  the  entire  channel  can  be 
expressed  as 
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The  distribution  of  traffic  throughput  ar.ongst  the 
packet  lengths  is  related  to  the  attempted  transmission 
rate  distribution  by  the  transformation 
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Since  the  are  fractions  that  sum  to  unity,  the 

following  relation  results  from  equation  /7/. 


/8/ 


The  reverse  transformation  to  that  in  equation  /7/  is  now 
obtained  using  /8/. 
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The  packet  length  distribution  is  most  usefully 
specified  for  newly  generated  packets,  v;hich,  in  the 
steady  state,  is  the  same  as  the  distribution  of  success¬ 
fully  transmitted  packets.  The  throughput  equation  /6/ 


can  be  restated,  using  /8/ , 
throughput  fractions 


Equations  /A/  and  /9/  can  b 
terms  of  the  5^'s: 


in  terms  of  the  traffic 
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cc  ^ined  to  express /3j^  in 
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V/e  can  determine  the  traffic  throughput  S,  given 
any  distribution  and  attempted  traffic  transmission 
rate  G,  by  numerically  solving  the  implicit  equations  for 
the  /3.  's.  The  throughput  varies  with  G  as  in  the  Aloha 

iC 

protocols,  increasing  to  reach  a  maximum  and  then  decreasing. 
The  throughput  value  at  the  maximum  varies  v;ith  packet 
distribution,  as  shown  in  figure  2  for  the  case  of  tv/o 
packet,  lengths ,  one  twice  as  long  as  the  other;  it  is 
upperbounded  by  e~^,  which  is  attained  only  if  all  traffic 
consists  of  one  packet  type.  The  maxinxm  possible  through¬ 
put  for  any  distribution  decreases  as  the  number  of 
allowed  packet  lengths  increases,  as  shovm  in  figure  3 
for  traffic  equally  distributed  over  allov/ed  packet  types. 

The  analysis  of  the  Variable  Length  Slotted  Aloha, 
or  VLSA,  channel  can  easily  be  extended  to  evaluate  Pure 
Aloha  performance  for  variable  length  packets.  All  the 
equations  /5/  through  /ll/  still  apply,  only  the  form  of 
the /3.  equations  /4/  and  /12/  is  changed.  For  Pure  Aloha, 
transmission  starting  times  are  not  restricted,  hence  the 
rate4>p^  G  of  transmissions  which  may  interfere  with  a 
transmission  in  progress  is  larger  than  that  for  VLSA. 

In  fact,  for  Pure  Aloha,  with  packets  of  length  1^ 
comprising  a  fraction  of  the  attempted  transmission 
traffic  and  of  the  successful  transmission  traffic, 
the  rate/3p^  G  is  Just  the  sum  of  the  attempted  packet 
transmission  rates,  I  Ij,  over  all  packet  lengths 

and  for  the  duration  of  transmission  1,  . 

1% 


FIGURE 


2.  Maximum  Iliroughput  v.s.  Small  Packet  Fraction 

2  packet  lengths 
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A  comparison  of  equations  /12/  and  /14/  shoves  that/3^^ 
always  exceeds for  VLSA,  hence  the  traffic  throughput 
is  always  larger  for  VLSA.  The  throu^put  performance 
of  the  two  protocols  is  compared  in  figure  3,  for  traffic 
equally  distributed  over  variable  length  packets. 

VLSA  achieves  a  significant  improvement  over  Pure  Aloha 
for  any  packet  length  distribution,  but  ti;ie  throughput  of 
both  protocols  tends  to  zero  as  the  nimber  of  packet 
types  and  the  ratio  of  allov/ed  packet  lengths  becomes 
large. 


It  should  be  noted  that  in  the  VLSA  protocol,  as 
in  Pure  Aloha,  the  attempted  traffic  transmission  rate 
and  traffic  throughput  rate  ditri'outions  differ.  In 
f3Lct,  from  equation  /9/, 


This  ratio  increases  raonotonically  v/ith  k,  since /3j^,  as 
defined  in  /12/,  is  also  a  raonotonically  increasing 
function  of  k.  Hence,  the  protocol  is  not  fair  in  the 
sense  that  the  transmission  delay  varies  for  different 
length  packets;  the  expected  number  of  transmissions 


required  for  a  2  long  packet  is: 
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The  long  packets  are  more  likely  to  collide  on  the  channel, 
hence  incur  longer  delays  since  they  require  more  retrans¬ 
missions  than  short  packets. 

This  fairness  problem  can  be  remedied  by  a  modifica¬ 
tion  to  VLSA  which  we  shall  introduce  in  the  follov;ing 
section;  in  addition,  the  channel  thr output  v:ill  thereby 
be  improved. 
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5. 


RESERVATION  HEADERS 


Appropriate  scheduling  of  packet  transmissions  in 
the  VLSA  protocol  described  above  restricts  the  collision 
time  from  exceeding  the  length  o^ “longest  of  the  collided 
packets.  Packets  are  assumed  to  be  completely  destroyed 
by  a  collision,  even  though  the  variable  length  packets 
may  not  overlap  on  their  entire  lengths.  We  will  now  show 
that  relaxing  this  assumption  allows  useful  information 
to  be  obtained  from  collisions,  vihich,  if  used  to  resolve 
the  conflicts,  leads  to  significant  improvements  in  the 
protocol's  performance. 

In  a  collision  between  packets  of  different  lengths, 
parts  of  the  longer  packet  are  not  interfered  v/ith  by  the 
shorter  one,  and  could  be  useful  if  they  were  correctly 
received.  Correct  reception  occurs  only  if  the  receivers 
can  lock-in  on  liie  transmission  by  recognizing  the  synchro¬ 
nizing  sequence  in  the  packet  header.  Should  this  sequence 
be  corrupted  by  a  collision,  no  further  psu?t  of  the  packet 
can  be  decoded.  For  a  collision  which  occurs  anytime  after 
the  header,  the  receiver  decodes  the  packet  but  the  error 
check  bits  at  the  end  shov;  the  reception  is  incorrect. 

The  extent  of  the  damage  cannot  be  determined  unless  there 
are  additional  error  checks  on  the  packet  parts.  In 
particular,  the  inclusion  of  an  error  detecting  capability 
in  the  overhead  at  the  beginning  of  the  packet  allows  the 
header  to  be  decoded  independently.  An  attempted  trans¬ 
mission  now  leads  to  one  of  three  outcomes: 

1.  Entire  packet  successful 

2.  Header  successful,  message  part  suffered  collision 

3 .  Entire  packet  is  destroyed 


1 1 


The  headers,  being  shorter  that  entire  packets,  have  a 
better  chance  of  survival  in  the  contention  environment, 
and  can  be  used  to  resolve  conflicts.  A  header  decoded 
correctly  not  followed  by  a  correctly  decoded  message, 
can  reserve  futxare  channel  time  for  the  packet  retrans¬ 
mission,  providing  the  header  contains  packet  length 
information.  The  station  which  placed  the  reservation 
retransmits  the  entire  packet  after  a  fixed  delay  suffi¬ 
cient  for  all  the  other  stations  to  have  heard  the 
reservation.  The  other  stations,  aware  of  the  request 
and^the  length  of  the  packet,  refrain  from  transmitting 
during  that  time . 

The  channel  can  be  in  one  of  tv/o  modes .  In  the 
contention  mode,  stations  compete  to  transmit  packets 
or  at  least  reservation  headers,  -which  are  then  honoured 
during  the  conflict-free  reserved  mode.  The  VLSa  protocol 
is  used  while  in  the  contention  mode,  with  the  first  slot 
of  each  packet  acting  as  a  reservation  header.  As 
illustrated  in  figiire  4,  packets  which  have  placed 
reservations  are  delayed  until  the  end  of  the  VLSA  frame 
in  progress,  each  frame  being  as  long  as  the  longest 
allowed  packet.  At  that  time  all  are  serviced,  in  the 
order  of  reservation  header  transmission,  including  any 
reservations  that  arrive  while  the  cnannel  is  in  the 
reserved  mode;  only  then  does  contention  resume. 

In  the  analysis  of  this  Reservation  Header  Variable 
Length  Slotted  Aloha,  or  RHVLSA,  channel,  we  denote  the 
attempted  traffic  transmission  rate  during  contention  as 
G_,  with  a  fraction  y.  in  2‘  long  packets,  and  the  traffic 
throughput  rate  in  contention  as  .  In  addition,  we 


FIGURE  4.  RHVLSA  Channel 
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define  R  ,  as  the  traffic  slots  per  contention  slot,  viiich 
k 

are  in  packets  2  long  v.hose  headers  have  not  incurred 
collision.  Again  using  the  Poisson  nature  of  the 
transmission  process, 
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The  entire  packet  will  succeed  if  the  header  is  successful, 
and  no  interfering  packets  transmit  \diile  the  transmission 
is  in  progress.  The  VLSA  channel  structure  limits  the 
rate  of  such  transmissions  to /3,_^  G;  hence, 
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Packets  with  successful  headers  but  corrupted  messages 
generate  reservations  at  a  rate  of  G  (slots  of  traffic 
in  2^  long  packets  per  contention  slot). 


^rk  “  ‘%k  ■  ^ci: 


m 

z 


^r  “  ^ —  ‘^rk 

^  k»0  ^ 


7207 


7217 


-27- 


The  total  throughput  S^,  for  both  channel  nodes,  is 
easily  obtained  by  observing  that  any  packet  whose  header 
succeeds  by  contention  is  assured  of  successful  transmission, 
either  immediately,  or  in  the  reserved  mode.  The  total 
throughput  is  then  the  rate  of  successful  headers  scaled 
by  the  fraction  of  channel  time  spent  in  the  contention 
mode . 
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Using  equations  /i7/,  /18/,  /20/,  /21/,  we  express  G^  as 
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Since  the  probability  of  header  success  is  the  same 
for  all  packets,  the  traffic  throughput  distribution  is 
equal  to  the  contention  channel  attempted  traffic  trans¬ 
mission  distribution;  from  equations  /22/  and  /23/  we  have: 


This  important  feature  of  RHVLSA  makes  the  protocol  fair 
in  the  sense  that  the  expected  number  of  transmissions 


in  the  contention  mode  is  the  sa.me  for  all  packet  classes 


/2S/ 


The  packets  that  use  the  reserved  mode  do  however,  incur 
one  additional  transmission  delay. 

To  illustrate  the  protocol,  consider  a  channel 

v;ith  only  two  packet  types,  one  twice  as  long  as  the 

other,  v;hich  is  slotted  on  the  short  packet  length. 

Further  let  the  traffic  throughput  rate  be  the  same 

for  both  packet  types  I*q  =  =  '4:  the  traffic  throughput 

is  plotted  in  figure  5  v/ith  respect  to  G  .  All  short 

c 

packets  are  transmitted  on  the  contention  channel; 
in  contrast,  only  some  cf  the  long  packets  succeed  by 
contention,  while  the  rest  make  reservations.  The  greater 
vulnerability  of  long  packets  in  the  contention  mode  is 
exactly  compensated  for  by  transmissions  in  the  reserved 
mode . 
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FIGURE  5 


Two  Packet  RHVLSA  Channel 

2:1  packet  length  ratio 
equal  traffic  throughput 
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This  maxima'Ti  throughput  depends  on  the  distribution  of 
traffic  aniongst  the  packet  types.  For  the  two  packet 


type  channel,  with  a  2:1  packet  length  ratio,  figure  2 


shows  how  S_  „  varies  with 

Tmax  c 

a  single  packet  type  channel. 


decreasing  from  e""^  for 
Uie  reservation  header 


protocol  is  clearly  less  sensitive  to  the  packet 


distribution  than  VLSA  alone. 


AS  the  niiitiber  of  allov/ed  packet  lengths  increases, 
the  maximum  throughput  decreases  as  shov/n  in  figure  3  for 


the  case  of  equally  distributed  throughputs.  The  HHVLSA 
protocol  is  more  robust  than  VLSA,  maintaining  throughput 
levels  of  around  30%  even  for  packets  with  length  ratios 
of  64:1.  In  fact,  since  G^,  as  defined  in  equations  /20/ 
and  /24/,  is  upper  bounded  by  G  exp(-G  )  even  if  no 
packets  succeed  in  the  contention  channel,  the  reservation 


header  protocol  throughput 


is  alv;ays  lower  bounded  by: 


Thus  regardless  of  the  traffic  distribution  and  the  number 
of  allov/ed  packet  lengths,  the  RHILSA  traffic  throughput 
will  alv/ays  exceed  26.9%.  In  fact,  since  the/9's  have  been 
eliminated  from  equation  /28/,  26.9%  is  a  lower  bound  even  ier* 
a  reservation  header  protocol  without  the  VLSA  restriction 
of  mutually  divisible  packet  lengths. 


Due  to  packet  overhead,  the  throughput  of  actual 
messages  of  any  protocol  is  only  a  fraction  S,  called 
the  transmission  efficiency,  of  the  traffic  throughput. 
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For  Slotted  Aloha,  Ferguson(lC)  defined  this  efficiency 
in  terms  of  the  mean  message  length  m,  the  mean  number 
of  packets  per  message  n  and  the  packet  length  L  . 
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For  variable  length  protocols,  v/ith  messages  of  length  1^ 
transmitted  using  n^  packets  of  length  Ij^ ,  the  transmission 
efficiency  is 
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A  comparison  can  now  be  made  betv/een  the  message 
throughputs  of  Slotted  Alcha  and  variable  length  protocols. 
For  message  lengths  -which  closely  match  the  allov/ed  packet 
lengths,  the  superior  transmission  ei'ficiency  of  RHVLSA 
gives  it  a  message  throughput  advantage  over  Slotted 
Aloha,  since  less  overhead  is  required  -.vhen  entire  messages 
are  sent  in  single  packets.  For  instance,  consider  a  two 
packet  type  RHVLSA  channel,  v;ith  a  2:1  packet  length  ratio 
and  equally  distributed  traffic  throughput;  the  short 
packets  are  therefore  ti/ice  as  numerous  as  the  long  ones. 
Furthermore,  we  assume  that  the  overhead  comprises  half 
of  the  short  packet  length,  and  a  quarter  of  the  long 


packet  length.  This  channel  would  oe  best  utilized  if  it 
v:ere  servicing  a  source  which  produced  short  messages, 
equal  in  length  to  the  overhead,  at  tv;ice  the  rate  of 
long  messages,  which  v;ers  three  times  as  long  as  the 
overhead.  The  traffic  throughput  of  RHVL3A  for  this 
packet  length  distribution  is  shown  in  figure  3  to  be 
34.4%,  and  the  transmission  efficiency,  given  the  message 
length  distribution,  can  be  determined  from  equation  /31/ 
to  be  .625  .  Slotted  Aloha  traffic  throughput,  from 
equation  /2/,  is  36.3%,  but  the  transmission  efficiency 
calculated  using  equation  /30/  is  at  most  .5,  even  for 
the  optimal  choice  of  packet  length  L  .  The  message 
throughput  of  RHVLSA  and  Slotted  Aloha  are  then,  using 
equation  /29/,  21,5%  and  18.4%  respectively;  the  variable 
length  protocol  is  better  suited  for  traffic  from  sources 
v/hich  produce  messages  with  the  postulated  length 
distributions. 


6.  CONCLUSIONS 


The  multiaccess  protocols  we  have  introduced  provide 
an  alternative  to  the  breaking  up  of  variable  length 
messages  into  fixed  length  packets.  In  the  Variable 
Length  Slotted  Aloha  protocol,  apriori  knowledge  about 
packet  lengths  is  used  to  schedule  transmissions  to 
minimize  the  risk  of  collision.  The  performance  of  VLSA 
bridges  the  gap  between  Pure  and  Slotted  Aloha,  v;ith 
channel  traffic  throughput  alv/ays  better  than  that  of 
?\are  Aloha.  The  protocol  discriminates  against  long 
packets,  which  incior  a  longer  transmission  delay. 
Furthermore,  traffic  throughput  is  sensitive  to  the 
distribution  of  packet  lengths,  and  falls  to  zero  as  the 
number  of  allowed  packet  lengths  becomes  lairge. 

Reservation  headers  have  bean  proposed  as  a  metlicd 
of  compensating  for  the  deleterious  effects  of  long  packets 
in  the  VLSA  protocol,  since  reservations  are  most  advan¬ 
tageous  when  the  ratio  of  packet  to  reservation  header 
length  is  large.  The  reservation  header  protocol  is  fair 
in  the  sense  that  the  expected  number  of  transmissions  in 
the  contention  channel  is  the  same  for  packets  of  any 
length.  In  addition,  the  traffic  throughput  always  exceeds 
26.9?i,  regardless  of  the  number  of  packet  types  or  the 
distribution  of  traffic  between  them.  The  performance 
of  the  Reservation  Header  Variable  Length  Slotted  Alc*ia 
protocol  has  been  evaluated  for  packets  2^  long,  but  the 
analysis  is  general  enou^  to  accomodate  any  choice  of 
packet  lengths  vhich  satisfy  the  mutually  divisible  lengths 
condition.  If  the  allowed  packet  lengths  are  selected  to 
match  the  message  lengths,  the  message  throughput  of  RH'/LSA 


s. 
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will  exceed  that  of  Slotted  Aloha,  due  to  the  reduced 
overhead  v;hen  a  message  is  transmitted  in  a  single  packet, 
and  to  the  gain  obtained  by  scheduling  long  packet  trans¬ 
missions  using  reservations. 

The  RHVLSA  protocol  should  be  considered  as  an 
effective  alternative  in  applications  v*iich  currently 
employ  Pxire  or  Slotted  Aloha  for  variable  length  messages, 
including  mixed-mode  protocols  vihich  integrate  pure 
reservation  and  Aloha  techniques. 
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